INTRODUCTION
Despite a plethora of genetic studies on marine fishes, there remains a high degree of uncertainty as to the nature and extent of temporal and spatial population structuring in highly mobile, commercially exploited species (Waples 1998 , Smedbol et al. 2002 , Kritzer & Sale 2004 . The paradigm of high dispersal and low genetic differentiation in such fishes (Carvalho & Hauser 1994 , Hauser & Ward 1998 ) is being increasingly challenged as more appropriate sampling methods and sensitive molecular markers reveal finescale structuring in hitherto presumed panmictic populations (Ruzzante et al. 1998 , 1999 ABSTRACT: The Atlantic herring Clupea harengus has played a pivotal role in the formulation of ideas relating to population structuring in marine fishes, yet considerable uncertainty remains as to the extent to which phenotypic and genetic differentiation coincide in such a highly mobile species. In this study, we examined genetic population structure across the major herring spawning aggregations in the North Sea and adjacent waters over 2 years, 2002 and 2003. We analysed 1660 spawning individuals across 9 microsatellite loci. Data were analysed using several approaches, taking into account the effect of location, year-class and sex, as well as pooling all individuals together, making no assumption as to the number of populations present in the data set. The results suggest the presence of a genetically homogeneous unit off Northern Scotland, and a temporally stable pattern of isolation by distance determined predominantly by the divergence of the English Channel samples and, in 2003, by the Norwegian spring spawners. Our data suggest that the current view of North Sea herring as a unit-stock might be adequate, but confirm the considerable degree of demographic independence of the herring populations in the English Channel. Despite major recent population collapses, genetic data indicated no evidence of bottlenecks affecting the genetic diversity of extant North Sea herring populations. Finally, despite evidence of weak population structuring, we discuss the risks of underestimating population differentiation in marine fish of large population sizes, and with reference to herring population history and dynamics, we attempt to reconcile the existing theories on herring population structure. Knutsen et al. 2003 , Nielsen et al. 2004 . Data on the extent of such structuring and its determinants are central to our ability to manage and conserve declining stocks and their ecosystems (Palumbi 2003) , and are also fundamental for predicting responses to continued harvesting and environmental change, especially in cases of relatively small effective population size (Hauser et al. 2002 , Turner et al. 2002 , Hutchinson et al. 2003 , Hoarau et al. 2005 .
Even with the long tradition of research on the general biology, ecology and genetics of Atlantic herring Clupea harengus L. (Blaxter & Hunter 1982 , Whitehead 1985 , there is as yet no general agreement as to how herring populations are spatially and temporally structured. Cushing (1967) comprehensively reviewed the differences in spawning time, age-and size-atmaturity and other phenotypically measurable traits among herring populations in the NE Atlantic, grouping them into different 'races' and 'stocks', each dependent on their respective oceanic production cycle. Zijlstra (1969) also presented meristic and morphometric data to support the division of North Sea autumnspawning herring into 3 distinct stocks: 'Buchan', 'Banks' and 'Downs' herring, spawning respectively in the NW North Sea, the Central North Sea and the English Channel. However, it was emphasized that such heterogeneity might not have been underlain by genetic differences among groups (Cushing 1967) . Iles & Sinclair (1982) introduced the 'discrete population concept', based on the strong phenotypic variation in Atlantic herring, subdividing the species into several, locally adapted, distinct populations with independent life-histories. Smith & Jamieson (1986) proposed the alternative and opposing 'dynamic balance concept', which assumes extensive genetic exchange and lack of population differentiation. More recently, McQuinn (1997) attempted to reconcile these 2 views under a metapopulational model (sensu Hastings & Harrison 1994) , whereby the extent of spatial structure among sub-populations depended upon patterns of temporal change in the entire metapopulation.
Morphology-based descriptors are strongly influenced by the physical environment, and recent evidence suggests that life-history traits in Atlantic herring may result mostly from phenotypic plasticity (Engelhard & Heino 2004) . Furthermore, tagging studies on Atlantic herring have been restricted in spatial and temporal scale (Anonymous 1975 , Wheeler & Winters 1984 , while genetic techniques in the 1980s and early 1990s (i.e. allozymes, mtDNA restriction fragment length polymorphisms) tended to have limited power to detect population differentiation in highly mobile species of large census size (Kornfield et al. 1982 , Grant 1984 , Ryman et al. 1984 , Turan et al. 1998 .
Recently, the application of highly variable microsatellite DNA markers has proven to be informative for detecting subtle genetic structuring in Atlantic herring in the western Atlantic (McPherson et al. 2004 ) and sub-Arctic waters (Shaw et al. 1999 ), but findings thus far have not identified putative underlying causes or the most applicable population model for the species. The elucidation of such aspects is central to our understanding of not only population connectivity in the sea, but also impacts on the utility of the stock concept in fisheries management.
Herein, we present a comprehensive microsatellite analysis of herring spawning aggregations in the North Sea and adjacent waters. We examine the shortterm temporal stability through re-sampling over consecutive years, and assess whether year-class structure and sex-bias can affect population genetic structure. Furthermore, we examine the impact of the documented recent population collapses (Nichols 2001) on the genetic diversity of contemporary North Sea herring and discuss the potential demographic processes underlying the observed patterns. The results are considered in relation to North Sea herring population dynamics, life-history variation and population history, and attempt to reconcile current views of herring population structure.
MATERIALS AND METHODS
Sampling. Samples of Atlantic herring were collected across the major spawning aggregations known to exist around the North Sea and adjacent waters ( Fig. 1 ) at different times of the year, using both commercial and research vessels. Fish were collected over 2 successive years, 2002 and 2003 , to assess the shortterm temporal stability of spatial genetic variation. Approximately 100 randomly chosen fish from each sample were analysed genetically (see Table 1 ).
Sampling was designed to target spawning fish on their spawning grounds (see Table 1 ) in order to prevent potential non-spawning migrants from masking genetic differences among locales. Thus, only herring of gonadal maturity Stage 6 ('ripe-and-running') were genetically assayed, with the exception of the Møre sample in 2003 (MR03: Fig. 1 ), which included 53% of individuals at Stage 5.
For each sample, fish were collected and examined across the size range caught, to reflect both the size and age distribution in the population. Age was estimated by counting the number of otolith winter rings.
A sample of western Atlantic herring spawners from Nova Scotia, Canada (Trinity Ledge, as described in McPherson et al. 2004 ) was also assayed and compared to North Sea data.
Laboratory analyses. Genomic DNA was extracted from ethanol-preserved finclips using the HotSHOT method (Truett et al. 2000) . Genetic variation within and among samples was assessed through PCR amplification of 9 tetranucleotide microsatellite loci: cha1017, cha1020, cha1027, cha1202, isolated from Atlantic herring (McPherson et al. 2001) and cpa101, cpa111, cpa112, cpa113, cpa114 , isolated from Pacific herring Clupea pallasi (Olsen et al. 2002) . Another locus, cpa106 (Olsen et al. 2002) was also initially employed, but later excluded (see 'Results').
Microsatellite alleles were sized on 6% acrylamide gels using Pharmacia ALFexpress © automated sequencers.
Statistical analyses. We tested the potential presence of null alleles and scoring errors due to stuttering and large allele drop-out using MICRO-CHECKER (van Oosterhout et al. 2004) . Deviations from HardyWeinberg equilibrium across all loci and populations were assessed using Weir & Cockerham's (1984) estimator of standardised genetic variance within populations, F IS , and tested through the exact test implemented in GENEPOP 3.3 (Raymond & Rousset 1995) , using the Markov chain method (100 batches of 1000 iterations).
Overall levels of population subdivision and differentiation among samples were assessed using Weir & Cockerham's (1984) estimator of standardised genetic variance between populations, F ST (θ), as implemented in GENETIX 4.04 (Belkhir et al. 2000) , and the significance levels of pairwise comparisons were tested using 10 000 permutations. Consistency of F ST estimates across loci was tested through a 'jackknife' resampling procedure, and the possible association between locus polymorphism and differentiation detection power ) was tested by examining the relationship between F ST and single locus allelic richness R (El Mousadik & Petit 1996) .
Since various genetic measures respond differently to effective population size, mutation rate, mutation model and migration (Kalinowski 2002) , we compared the F ST -based results to the patterns of genetic structure obtained with 2 other commonly used parameters: D S (Nei 1978) , which increases linearly with time and is independent of population size, and R ST (Slatkin 1995) , an analogue of F ST that accounts for variance in allele size and suits genetic markers following a strictly stepwise mutation model (SMM) (i.e. each mutation creates a new allele either by adding or deleting a single repeated unit of the microsatellite). GENETIX 4.04 (Belkhir et al. 2000) was used to calculate D S , and RST-CALC 2.2 (Goodman 1997) was employed for R ST computation. Non-metric multidimensional scaling (MDS, Statistica 5.1, StatSoft 1996) was used to compare genetic distance ordinations.
The relationship between genetic differentiation and geographical distance was explored by plotting the pairwise values of F ST /(1-F ST ) against natural logtransformed data of linear shortest sea-distance in km (Slatkin 1993 , Rousset 1997 . The significance of correlation between genetic and geographical matrices was tested by Mantel tests (Mantel 1967 ), using Mantel 2.0 (A. Liedloff © 1999 . The analysis was performed separately for samples collected in 2002 and 2003 . Within each year, the same Mantel tests were also performed using male and female spawners separately, in order to test whether any subtle structuring might be accounted for by sex-biased dispersal. The Canadian sample was never included in these analyses, as the tests were specifically conducted to investigate isolation-by-distance in the North Sea area.
Subsequently, herring were grouped by year-class within each geographical sample, and where subsamples comprised at least ~30 individuals (13 subsamples in 2002 and 16 in 2003: see Table 1 ), they were compared using conventional F ST . Hierarchical analysis of molecular variance (AMOVA; Excoffier et al. 1992) was then used to partition genetic variance between subsamples within groups (F SC ) and among groups (F CT ). We compared 2 different 'group structures' in both years: one where groups were identified by year-classes (pre-1998, 1998, 1999, 2000) and one Table 1 where groups corresponded to the 3 traditional North Sea herring spawning stocks (Nichols 2001): Northern North Sea ('Buchan' herring), Central North Sea ('Banks' herring) and English Channel ('Downs' herring) ( Table 1 ). The Norwegian samples were omitted from this particular analysis because of the lack of comparable year-classes. Significance levels of F SC and F CT were tested using 1000 random permutations (ARLEQUIN Version 2.000: Schneider et al. 2000) . Conventional F ST analysis was also conducted to assess the overall spatial genetic structure within each different year-class present in each sampling year, and test whether our data were consistent with Corten's (2002) view that the more philopatric older spawners may promote divergence among locations, while strong, non-philopatric first-time spawning year-classes should have an homogenising effect.
We also explored the genetic structure present in the data set without making any assumption as to the number of populations sampled, using PARTITION 1.1 (Dawson & Belkhir 2001) . The software estimates the posterior probability distribution of the partition of a sample of individuals, based on a Metropolis-Hasting Markov chain Bayesian calculation. When the Markov chain reaches equilibrium, an estimate of the most probable number of populations in the sample (K ) is taken, from the maximum point value of the posterior probability (P), for each value of the number of possible source populations. We conducted the analysis on both 2002 and 2003 data sets separately, setting the number of possible source populations at K = 4 (Buchan, Banks, Downs and Norwegian spring spawners). We ran 40 000 iterations (10 cycles between each iteration). The number of iterations to be discarded ('burn-in') was inferred by checking the plot trend of the loglikelihood of the partition against the number of the observations of the Markov chain (Dawson & Belkhir 2001) ; the first 10 000 iterations were then discarded.
Finally, in order to explore the impact of recent population collapses (ICES 2004) on North Sea herring genetic variability, we first calculated Garza & Williamson's (2001) M-ratio of the number of alleles to the allelic range across all loci and compared the value to a simulated distribution of M in a population at equilibrium, computed using M_P_VAL (http://santacruz. nmfs.noaa.gov/staff/carlos_garza/software.php). Additionally, we used the approach implemented in Bottleneck 1.2 (Piry et al. 1999) , which compares the observed gene diversity (H E , as measured by Nei's [1987] , unbiased expected heterozygosity) with the heterozygosity expected at equilibrium (H eq ), based on the observed number of alleles (k) and the sample size, to assess whether a genetic bottleneck had taken place. In populations that have experienced a recent reduction in effective population size, the allelic number declines at a faster rate than heterozygosity, and thus in a recently bottlenecked population, H E is expected to be higher than H eq . Significant deviations between H E and H eq were tested using Wilcoxon's sign rank test and, qualitatively, by checking the presence of a mode-shift from a normal L-shaped distribution of allelic frequencies (Luikart et al. 1998) . Analyses were performed on all samples pooled as well as on separate age classes, and tests were carried out assuming an 'infinite allele model' (IAM), as well as a 'two-phase mutation model' (TPM) with 90% one-step mutations, which is believed to represent a more realistic mutation model for most microsatellite markers (Di Rienzo et al. 1994) .
RESULTS
Using MICRO-CHECKER, we detected evidence of null alleles at only 1 locus, cpa106 (Olsen et al. 2002) , which was excluded from all further analyses. Levels of genetic variability were similar across all samples (Table 1) . Average heterozygosity ranged between 0.783 and 0.842; the mean number of alleles per locus ranged from 15.9 to 17.7 in the North Sea (15.2 in the sample from Canada), and allelic richness (R) values (Table 1) proved very homogeneous across samples. Only 10 out of 144 possible F IS values across loci and/or samples indicated a significant heterozygote deficiency. However, no population-or locus-specific trends were identified (Table 1) .
Spatial analysis over 2 years
The overall F ST value across all populations and loci was low but significant (0.0011; p < 0.001; F ST = 0.0009 if the Canadian sample is removed, Table 2 ) and jackknife F ST estimates were very consistent across loci (Table 2) . No association was found between allelic richness and F ST (r = -0.2; p = 0.54). Although the sample from Canada (Nova Scotia) was one of the most divergent populations (Table 3) , its level of differentiation from the North Sea was of the same order of magnitude as that observed within the North Sea (Table 3) . No significant F ST values were found in any spatial and/or between-year pairwise comparison involving northern North Sea collections (Cape Wrath, Whiten Head, Orkney, Shetland) (Table 3) .
MDS ordinations of the spatial patterns of genetic variation among samples from both years (Fig. 2) , show a clustering of samples around the intercept, highlighting the absence of markedly distinct groups. (Fig. 2c) .
The matrices of genetic differentiation and geographic distance among samples were correlated in both years (Mantel test; were removed, the association was lost (Mantel tests, p = ns). Moreover, none of the tests performed separately on males and females to test for sex-related differentiation yielded significant results.
Year-class structure
Year-class frequency distributions in the herring samples from 2002 (Fig. 4a) revealed the dominance of the 1998 and, to a lesser extent, 1999 cohorts throughout the central and northern North Sea, whereas yearclasses between 1995 and 1997, and between 1993 and 1994, dominated (Fig. 4b) for interannual comparison). Asterisks refer to values that were significant before applying correction (*p < 0.05; **p < 0.01). Sample codes as in Table 1   Sample  NS  CP02  WH02  SH02  OR02  BB02  FL02  EC02  KA02  CW03  WH03  OS03  AB03  FL03  EC03 Table 1 Regional and year-class groupings Subsamples composed of individuals from the same sample and year-class were subjected to 2 AMOVA designs (the Norwegian samples were not compared because of the entirely different age class composition). In the first analysis, the 'among year-classes' genetic variance (F CT ) was compared to the 'among subsamples' genetic variance (F SC ). This design yielded significant age-group structure in the 2002 collections, but not in the 2003 collections, in which more genetic variance was accounted for by differences between 'within year-class' subsets from different locations (Table 4 ). In the second analysis, we pooled samples into the 3 traditional stock regions: Buchan, Banks, and Downs (Table 1) . Subtle, yet significant, regional structure was detected both in 2002 and 2003 (F CT > F SC ) (Table 4) .
Pooled 2002 and 2003 data
When pooling samples from 2002 and 2003, no detectable genetic differences were found between yearclasses (F CT < F SC ; all p = ns); genetic variance explained by geographical regions could be estimated, but its contribution was minimal and lower than that explained by subsamples within groups (F CT = 0.0007, p < 0.01.; F SC = 0.0015, p < 0.001). Pooled Northern North Sea samples only (Cape Wrath, Whiten Head and Orkney-Shetland areas) were subject to another separate AMOVA to test whether structuring among year-classes was detectable. No evidence of any such structure was revealed (F CT = 0.0001; F SC = 0.0002, all p = ns).
Spatial analysis within year-classes and Bayesian analysis
We found no relationship between the age of spawning herring and the overall degree of spatial structure (Fig. 5) . However, we found that the only overall F ST values significantly different from zero were those of the 1999 year-class.
In both sampling years, the posterior probability distributions obtained through Bayesian computation provided support for the existence of a single North Sea herring spawning population, as the large majority of Monte Carlo iterations were consistent with a number of source populations K = 1 (in 2002, K = 1, P = 0.980; K = 2, P = 0.019; K = 3, P = 0.001; K = 4, P = 0.000. In 2003, K = 1, P = 0.951; K = 2, P = 0.027; K = 3, P = 0.018; K = 4, P = 0.004).
Impact of population crashes
Garza & Williamson's M-ratio, calculated for each population, showed very high values, ranging from 0.986 (Cape Wrath, 2003) to 0.899 (English Channel, 2003) , with an average value of 0.951 (variance 0.005), which is comparable to that reported for very stable populations, even assuming a strictly conservative single-step mutation model (Garza & Williamson 2001) . Simulation tests confirmed that the M-ratios were not significantly smaller than what would be 251 
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expected for populations at equilibrium. The calculation performed on pooled North Sea data yielded a similarly high value: 0.959 (variance 0.004). Moreover, no evidence of genetic bottlenecks, as inferred from BOTTLENECK, was found in any of the 3 most numerous year-classes, or by conducting the test on pooled samples. Irrespective of the mutation model assumed, the distribution of allelic frequencies did not deviate from a normal L-shaped distribution, and all Wilcoxon tests were not significant.
DISCUSSION

Spatio-temporal structure in the North Sea
Most spawning aggregations in the North Sea were genetically indistinguishable from each other. In relatively few cases we detected a signal of differentiation, which always involved aggregations from the English Channel and the Norwegian coast. The presence of an isolation-by-distance pattern over 2 consecutive years suggests that the observed trend is biologically significant (Waples 1998 , Palumbi 2003 , and essentially depends on the effect of the most divergent English Channel aggregation and (only in 2003) on the Norwegian sample (Fig. 3) . The present data do not allow the unambiguous identification of well-resolved, spatially separated population units. Moreover, the use of Bayesian methodology to infer population substructure gave support to the existence of 1 single source population in the North Sea; although this result may depend on the resolution limit of such computational approaches, which have so far been shown to perform well only when differentiation is conspicuous (Manel et al. 2005) .
The view of the strong subdivision of Atlantic herring into consistently distinct, identifiable populations (Iles & Sinclair 1982) was not supported by earlier genetic studies (Kornfield et al. 1982 , Ryman et al. 1984 , Hauser et al. 2001 ) and was again challenged by recent molecular data (McPherson et al. 2003 (McPherson et al. , 2004 , which revealed a subtle spatio-temporal patchiness lacking clear geographical structuring in western Atlantic herring.
Many samples off northern Scotland proved to be spatially and temporally undistinguishable (Cape Wrath, Whiten Head, Orkney, Shetland), suggesting a lack of spatio-temporal structure within the herring population unit traditionally referred to as the 'Buchan' stock (Nichols 2001) . This is further corroborated by the fact that, as tested by AMOVA, year-class composition did not account for any genetic differentiation within this population group. These herring aggregations spawn in areas very close to their mixed summerfeeding aggregations (ICES 2004) , and migrate relatively short distances in August to reach the spawning grounds.
Conversely, we did not find such consistent homogeneity in the 'Banks' herring (central North Sea) and the spring spawners from the Norwegian coasts (Karmøy and Møre). In fact, even though it was not always possible to collect spawners from exactly the same locations in both years (i.e. Berwick Bank in 2002 and Aberdeen Bank in 2003 , Karmøy in 2002 and Møre in 2003 , the spatial pattern of genetic variation in these areas showed some degree of temporal instability. In particular, the 2002 Karmøy sample, albeit showing the age structure (Fig. 4) and the general phenotypic characteristics (data not shown) typical of Norwegian spring spawners, does not diverge genetically from the northern North Sea, whereas Møre in 2003 appears clearly differentiated. Similarly, samples of central North Sea 'Banks' herring do not cluster together, and in 1 collection (Aberdeen 2003) the older spawners appear significantly different from younger fish. Further evidence of temporal instability of more peripheral spawning aggregations is also suggested by the fact that, while the AMOVA could detect subtle yearclass structure in 2002 samples and regional group structure in both 2002 and 2003, when samples from both years were pooled and re-examined, no genetic variance was explained by higher hierarchical groupings (year-classes or geographical regions). pre-1998, 1998, 1999, 2000) , and the sampling year ( Based on microsatellite data, it appears that, while the 'Buchan' herring stock in the northern North Sea may represent a stable, identifiable unit, other spawning aggregations, albeit revealing some degree of differentiation, do not have similar integrity, making the interpretation of the finer stock structure in the North Sea problematic. Such annual variation in peripheral locales may be caused by the interaction of 3 main factors. Firstly, the complex dynamics of abandonment/ recolonisation of traditional spawning sites, which depend on environmental changes, population fluctuations and herring behaviour, have recently affected in particular the central and southern North Sea (Corten 1999) . Secondly, despite the high-resolution power of the markers and sample sizes used in this study, for some samples close to the limit of this resolution it is difficult to assess with confidence the biological significance of the observed variation (Waples 1998) . Finally, large annual fluctuations of new year-classes recruiting into the spawning population may also play a role (Fig. 4) . In particular, when data were analysed within each year-class separately, it was evident that most differentiation originated from samples hatched in 1999 (Fig. 5) . The 1999 year-class was considerably smaller (about half the size) than both the 1998 and 2000 yearclasses (ICES 2004) , although, the present data are not sufficient to test rigorously whether the signal of genetic structuring may be to some extent related to year-class strength. On the other hand, no support was found for Corten's (2002) hypothesis, which postulated that the extent of genetic structuring could be related to the contribution of older, philopatric individuals to the spawning aggregations.
Eastern versus western Atlantic
The sole western Atlantic sample analysed was less divergent from the eastern collections than might have been expected based on its geographic distance, and was within the same range of F ST values observed among North Sea samples. The only other available study comparing eastern and western Atlantic herring samples using similar methodologies is that of McPherson et al. (2004) . These authors focused on western Atlantic herring and compared them with some eastern Atlantic samples, also using 9 microsatellites (5 of which were also employed in this study). They reported an overall F ST value among all locales of 0.002, and their F ST -based MDS plot showed that herring from the Celtic Sea and Iceland were closely grouped with the Nova Scotian samples, with only the Baltic herring clearly distinct from all other samples (McPherson et al. 2004) . This is in agreement with our finding that transoceanic measurable differentiation is of the same order of magnitude as that observed within the North Sea. Baltic herring data are not presented here, but preliminary results show that they are a clearly distinct population unit (HERGEN unpubl.: www.hull.ac.uk/hergen/). In contrast, and for reasons that remain unclear, McPherson et al. (2004) reported (their Table 2 ) an F ST value between pooled western samples and eastern Atlantic populations close to 0.07, indicating markedly higher transoceanic differentiation. Additional samples from the western Atlantic for direct comparison would clearly be of value.
It is worth noting that when population sizes are very large and mutation rate high, size homoplasy at microsatellite loci might reduce the level of divergence between populations (Estoup et al. 2002) . However, with the aid of other genetic distance measures believed to be less sensitive to homoplasy and whose values are known to saturate less quickly than F ST (such as D S and R ST ) (Balloux & Lugon-Moulin 2002 , Kalinowski 2002 , consistently low estimates of differentiation between the Nova Scotian and North Sea samples were observed. A study by Hutchinson et al. (2001) illustrated that similarly polymorphic microsatellite markers in cod can indeed detect an east -west Atlantic divergence up to 10 times higher than the differentiation within the North Sea. Further analyses currently being carried out by the present authors are expected to elucidate deeper phylogeographic aspects of Atlantic herring across its entire distribution range.
Demographic changes
The North Sea herring has been affected by recent dramatic population fluctuations. Between 1974 and 1978, fishing pressure reduced the spawning stock to 2% of its level in the 1960s (ICES 2004) , while more recently (1993 to 1996) a similar initial decline was halted by management actions at about 23% of the higher level of spawning biomass. Such dramatic, recent population collapses may have been followed by extensive recolonisation events during the early years of recovery (Corten 1999 ). In such case, the lack of marked differentiation revealed by the present study may derive from a non-equilibrium expansion phase of current herring populations. However, we did not find any empirical evidence that the genetic diversity of North Sea herring had been affected by recent bottlenecks. Both Garza & Williamson's (2001) and Piry et al.'s (1999) approaches indicated that allelic frequencies in North Sea herring were not influenced by the recent stock collapses in the 1970s and the mid-1990s. It should be mentioned that even at the time of lowest spawning stock biomass, North Sea herring still comprised hundreds of millions of fish, even assuming an hypothetically low N e :N (effective population size:census size) ratio of 10 -5 (Hutchinson et al. 2003 , Hoarau et al. 2005 , this represents, in population genetics terms, a population too large for genetic drift to be detected after a few generations (Nei 1987 , Kalinowski 2002 . The evidence of weak but significant differentiation of the English Channel stock cannot simply be explained by a recent divergence event after the stock collapse in the 1970s and rapid decline in the 1990s: if drift is the main force in shaping the pattern, its history has to be traced further back in time, while if selective forces are involved, these may to some extent be linked to the fact that the English Channel represents the southern limit of the species' distribution.
North Sea herring metapopulation and fisheries management
Despite the robust sampling design (large sample size, analysis of spawning individuals, temporal repeats) and the high statistical power of our markers (significance of F ST could be detected below 0.002), we detected little evidence for the existence of genetically discrete North Sea herring populations. Such findings do not contradict the current view of North Sea herring as a unit-stock (ICES 2004) , although this would not necessarily exclude a significant demographic independence of different spawning aggregations, as large populations require many generations to attain migration/drift equilibrium and reveal any detectable signal of genetic differentiation (Hedrick 2000) .
When genetic evidence is employed to support fisheries management, it is important to recognise that a very limited exchange of migrants per generation is sufficient to obscure genetic structuring (Waples 1998 ). While such low migration rates are generally sufficient to guarantee population connectivity over evolutionary timescales, they are a negligible force for rebuilding depleted stocks over a timescale of interest to fisheries. In this light, the recorded divergence of the English Channel aggregations, along with their different recruitment dynamics and other previously known lifehistory traits (Zijlstra 1969) , strengthens the view that the Downs herring should be managed separately from others in the North Sea.
Over a broader timescale, it is important to note that, as in other clupeoids (Grant & Bowen 1998 , Lecomte et al. 2004 ), herring population dynamics naturally tend to be characterised by marked fluctuations in biomass and recruitment (i.e. 'boom and bust') (ICES 2004 ) that generally reflect natural environmental variation (Axenrot & Hansson 2003) . Furthermore, most of the distribution range of Atlantic herring in the North Sea only achieved its present character in the last few thousand years, following repeated dramatic glacial expansion and contraction (Hewitt 2000) . Since such largescale processes on presumably large populations are unlikely to attain equilibrium, and in view of the 'bethedging' life-history strategy of Atlantic herring in maximising recruitment success over large geographical scales (McQuinn 1997) , it is perhaps unlikely that this species would maintain a structured set of stable, well-differentiated and genetically identifiable spawning aggregations over evolutionary timescales. Even so, in view of the uncoupling of genetically effective migration rates and demographic independence (Carvalho & Hauser 1994) , the observed heterogeneity in herring population structure should not be ignored across the shorter timescales of relevance to exploitation. Collective evidence indicates that McQuinn's (1997) metapopulation concept appears to be a good framework for interpreting North Sea herring structure, although the apparently weak association between phenotypic and genetic traits in Clupea harengus will limit the potential for genetic identification of stocks at local scales. Nevertheless, the pattern of isolation-by-distance suggests that geographically and/or ecologically divergent groups may still be detectable through a judicious integration of phenotypic and genotypic approaches.
After more than a century of research, a thorough understanding of Atlantic herring population structure still remains one of the big challenges in marine biology: further investigations, including (1) the exhaustive comparison of spawning aggregations across the entire geographic range of Atlantic herring, (2) the employment of archived historical samples to examine the long-term temporal dynamics of spatial differentiation, (3) the use of selectively non-neutral genetic markers to investigate aspects of local adaptation, (4) the analysis of feeding aggregations, and (5) a robust integration with other approaches, would probably provide the necessary framework to meet this challenge.
